The cerebral innate immune system is able to modulate brain functioning and cognitive processes. During activation of the cerebral innate immune system, inflammatory factors produced by microglia, such as cytokines and adenosine triphosphate (ATP), have been directly linked to modulation of glutamatergic system on one hand and learning and memory functions on the other hand. However, the cellular mechanisms by which microglial activation modulates cognitive processes are still unclear. Here, we used taste memory tasks, highly dependent on glutamatergic transmission in the insular cortex, to investigate the behavioral and cellular impacts of an inflammation restricted to this cortical area in rats. We first show that intrainsular infusion of the endotoxin lipopolysaccharide induces a local inflammation and increases glutamatergic AMPA, but not NMDA, receptor expression at the synaptic level. This cortical inflammation also enhances associative, but not incidental, taste memory through increase of glutamatergic AMPA receptor trafficking. Moreover, we demonstrate that ATP, but not proinflammatory cytokines, is responsible for inflammation-induced enhancement of both associative taste memory and AMPA receptor expression in insular cortex. In conclusion, we propose that inflammation restricted to the insular cortex enhances associative taste memory through a purinergic-dependent increase of glutamatergic AMPA receptor expression at the synapse.
Introduction
Under pathological conditions, activation of microglia is a common early feature of most brain diseases, which is the primary stage of neuroinflammation, followed by synaptic alterations and subsequent cognitive impairments (Dantzer et al., 2008; Yirmiya and Goshen, 2011) . Once activated, microglia release gliotransmitters (Färber and Kettenmann, 2005) , which are small molecules, such as proinflammatory cytokines or adenosine triphosphate (ATP), all known to control neuronal function and synaptic transmission (Bessis et al., 2007; Hanisch and Kettenmann, 2007; Pascual et al., 2012; Yirmiya and Goshen, 2011) . Proinflammatory cytokines, such as interleukin-1 ␤ (IL-1␤) and tumor necrosis factor ␣ (TNF-␣), have been directly linked to modulation of neuronal plasticity as well as memory functions in various animals models (Yirmiya and Goshen, 2011) .
In normal quiescent conditions, immune mechanisms positively regulate neuroplasticity and promote learning and memory. Conversely, in the condition of neuroinflammation, the delicate physiological balance between immune and neural processes is disrupted, resulting in neuronal hyperexcitability, leading to impairments in neuroplasticity, learning, and memory (Yirmiya and Goshen, 2011) . Recent studies suggest that neuroinflammation affects neural plasticity through the modulation of the glutamatergic system, even if the role played by the different mediators in these processes remains poorly understood. Whereas proinflammatory cytokines, such as TNF-␣ and IL-1␤, can modify expression and/or activity of ␣-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA) receptors Ogoshi et al., 2005; Lai et al., 2006) , a recent study reported that the lipopolysaccharide (LPS), a bacterial endotoxin, modifies glutamatergic neurons activity through ATP release and not proinflammatory cytokines (Pascual et al., 2012) . Moreover, a clear demonstration that the cognitive alterations induced by neuroinflammation also involve the glutamatergic system is still lacking.
As a result, our study aimed at investigating the glutamatergic mechanisms of neuroinflammation-induced changes in learning and memory processes. For this purpose, we focused on taste memory, which relies mainly on glutamatergic transmission into a particular brain area, the insular cortex, which contains the gustatory cortex (Bermú dez-Rattoni et al., 2004; Gal-Ben-Ari and Rosenblum, 2011; Adaikkan and Rosenblum, 2012) . The aim of our study was to investigate the cellular and behavioral impact of an inflammation restricted to the insular cortex on glutamatergic receptor expression and taste memory formation. Here, we activated microglia locally with LPS, a potent inflammatory agent (Cardona et al., 2006; Haynes, 2006; Pascual et al., 2012) , and monitored cellular and behavioral consequences. The combination of in vivo pharmacology and biochemistry revealed that cortical inflammation, induced by LPS infusion into the insular cortex, enhances associative taste learning through the increase of glutamatergic AMPA receptors (AMPAR) expression and trafficking at the synapses. This effect was mediated by ATP as ATP infusion mimicked the effect of LPS on aversion and purinergic receptor blockade abolished LPS-induced enhancement of both taste memory and AMPAR expression.
Materials and Methods

Animals
All animal experiments were conducted according to the INRA Quality Reference System and to relevant French (Directive 87/148, Ministère de l'Agriculture et de la Pêche) and international legislation (Directive 86/ 609, November 24th 1986, European Community) . This study was approved by the local ethical committee (agreement 5012047-A), and protocols adhered to those approved by Région Aquitaine Veterinary Services (Direction Départementale de la Protection des Animaux, approval). Every effort was made to minimize suffering and the number of animals used.
All experiments used adult male Wistar rats (300 -350 g) obtained from Janvier. They were housed individually in polypropylene cages in a temperature (23 Ϯ 1°C) and humidity (40%) controlled animal room on a 12 h light/dark cycle. All behavioral manipulations were performed during the light phase, approximately between 11:00 A.M. and 1 P.M. Food and water were provided ad libitum until the start of the behavioral procedures.
Drugs
LPS (from Escherichia coli serotype 0127:B8, Sigma-Aldrich) was dissolved in sterile saline (0.9%) to obtain a final concentration of 100 ng/0.5 l per insular cortex. We ensure that the injected dose was high enough to induce a local cortical inflammation but not too elevated to avoid a generalized inflammatory reaction (see Results). We infused 0.5 l per hemisphere at the level of the insular cortex the following drugs: ATP (Sigma-Aldrich, 10 mM); TNF-␣ (R&D Systems Europe, 50 or 100 ng); IL-1␤ (R&D Systems Europe, 5, 25, 50, or 100 ng), the peptide pepR845A (844KAMKVAKNPQ853) (Anaspec 80 ng/l or 8 g/l); and suramin (Sigma-Aldrich, 20 g). The doses of LPS, ATP, cytokines, and suramin were based on the preexisting literature and pilot experiments. For all experiments, control animals received an equivolume (0.5 l per insular cortex) of sterile saline (0.9%).
Surgery and infusion procedure
Adult rats were anesthetized with ketamine (70 mg/kg) and xylazine (6 mg/kg) administered intraperitoneally. They were then implanted with two 5 mm stainless steel guide cannulae (Plastic One) using a standard stereotaxic frame (Kopf Instruments). Guide cannulae were bilaterally implanted above the insular cortex (anteroposterior, 1.2 mm relative to bregma; lateral, Ϯ5.5 mm from midline; ventral, Ϫ4.1 mm from bregma). The rostrocaudal position was chosen because conditioned taste aversion (CTA) learning was altered by manipulations in the central but not in the anterior or posterior insular cortex (Nerad et al., 1996) . Neurons responding to gustatory stimulations are located in the central insular cortex (Sewards and Sewards, 2001) . The tips of the guide cannulae were aimed 2.0 mm above the insular cortex. The guide cannulae were fixed to the skull with dental acrylic cement and anchored with two surgical screws placed in the skull. Stylets were inserted into the guide cannulae to prevent clogging. Rats were allowed to recover from surgery for 1 week.
All animals were handled individually for ϳ3 min each day during the last 3 d before infusion for habituation. On the infusion day, rats were gently restrained by hand. Stylets were removed and injection needles (30-gauge) were inserted, extending 2 mm from the tip of the guide cannulae (i.e., reaching the insular cortex). The injection needles were connected via polyethylene tubing to two 10 l Hamilton microsyringes driven by an automated microinfusion pump (Harvard Apparatus). A total volume of 0.5 l per insular cortex was delivered over 1 min. After injections, the needles were left in position for an additional minute to allow diffusion of the solution into the tissue and to minimize dragging of the liquid along the injection track.
Proinflammatory and anti-inflammatory cytokines quantification (BioPlex analyses)
Rats were decapitated 30, 60, or 90 min after LPS or saline infusion into the insular cortex and the brain removed. Blood samples from rats were collected in 10% EDTA-coated vials and centrifuged for 15 min at 13,000 rpm at 4°C, aliquoted, and stored at Ϫ80°C until use. Brains were frozen on dry ice and stored at Ϫ80°C; 300-m-thick sections were cut through the areas of the insular cortex in the frontal plane using a cryostat (Leica), and bilateral punches of insular cortex from 3 sections were collected in an Eppendorf tube. Insular cortex punches ( pool of 3 punches per side per animal) were homogenized in lysis buffer as recommended by the manufacturer (Bio-Rad) and protein concentration was determined by BCA (Uptima, Interchim).
For both blood and tissue samples, the proinflammatory cytokines IL-1␤, TNF-␣, IL-6, and the anti-inflammatory cytokine IL-10 were measured using a BioPlex cytokine assay kit (Bio-Rad) following the manufacturer's instructions. The limit of detection was of 10 pg/ml for IL-6, 5 pg/ml for IL-10, 2 pg/ml for IL-1␤, 3 pg/ml for TNF-␣, and 1 pg/ml for IL-4. Briefly, samples diluted 1/4 were added to a 96-well microtiter plate (50 l/well) coated with beads (Bio-Rad), covered with aluminum foil, and incubated for 30 min on a shaker at room temperature. After removal of the sample using a vacuum manifold, beads were incubated with detection antibodies for 30 min while shaking, followed by streptavidin-PE for 10 min. The beads were then resuspended in assay buffer and analyzed using the BioPlex 200 system (Bio-Rad). The reader was set to read a minimum of 100 beads with an identical fluorescence expressed as the median fluorescence intensity. Median fluorescence intensity readings were converted to pictograms per milliliter using calibration curves prepared with cytokine standards included in the kit. Results are expressed as relative fold change of protein expression compared with the "saline 30 min" group.
ATP assay
Rats were killed by decapitation 30 min after taste consumption, and the brains removed. For each rat, insular cortices from both sides were dissected out from fresh brains. The crossing of the rhinal fissure with the medial cerebral artery was used as an anatomical landmark, and cortical tissue 1.0 mm rostral, 0.5 mm caudal, and 1.5 mm dorsal to it was excised. The tissues were then homogenized in 200 l TCA 10% (Sigma-Aldrich) on ice; 20 l of the solution was diluted in 980 l D'PBS (Dulbecco's Phosphate Buffered Saline). ATP assay was conducted on 100 l of the mix (triplicates) according to the manufacturer's protocol (PerkinElmer). Protein contents were then determined in parallel by Bio-Rad protein assay according to the manufacturer's protocol (Bio-Rad) to check for the homogeneity of brain samples size. The data from ATPlite assays are presented as an average of more than three independent experiments. Results are expressed as the average of triplicates in M.
Total corticosterone measurement
On the day of death, blood samples were collected in tubes containing 10% EDTA. After 15 min of centrifugation at 13,000 rpm, plasma samples were obtained and kept at Ϫ80°C. Total corticosterone was measured by an in-house RIA (for details, see Richard et al., 2010) . Briefly, after steroid extraction of plasma samples with absolute ethanol, total corticosterone was measured by competition between cold corticosterone (B) and 3 H-B by a specific antibody anti-corticosterone provided by Dr. H. Vaudry (University of Rouen, Rouen, France).
Western blot analyses and synaptoneurosomes preparation
Protein extraction. Rats were killed by decapitation and the brain removed. Brains were frozen on dry ice and stored at Ϫ80°C until use. As described above, 300-m-thick sections were cut through the areas of the insular cortex in the frontal plane with a cryostat (Leica), and bilateral punches of insular cortex from three sections were collected in an Eppendorf tube. The punches collected were then homogenized in 60 l of buffer A (10 mM HEPES, pH 7.9, 1.5 mM MgCl 2 , 10 mM KCL, 1 mM ditriothreitol, 1 mM Na orthovanadate, protease inhibitors mixture; 10 mM Na fluoride). Homogenates were centrifuged 5 min at 3000 rpm to remove nuclei. Supernatants were stored at Ϫ80°C until use. Protein contents were determined by Bio-Rad protein assay according to the manufacturer's protocol (Bio-Rad) and heated to 100°C for 5 min in Laemmli sample buffer (2% SDS and 5% dithiothreitol) to entirely denature the proteins.
Synaptoneurosome preparation. Rats were killed by decapitation 30 min after taste consumption and the brain removed. For each rat, insular cortices from both sides were dissected out from fresh brains as described above. Two animals of the same experimental group (4 insular cortices in total) were pooled for n ϭ 1. The tissue was then homogenized in a glass-Teflon homogenizer in 500 l of buffer containing 0.3 M sucrose, 20 mM HEPES, 5 mM EDTA, 1ϫ protease inhibitor mixture, 1 mM Na orthovanadate, and 1 mM Na fluoride. The samples were centrifuged for 7 min at 4000 rpm at 4°C to remove nuclei. The supernatants were collected and centrifuged for 15 min at 10,000 ϫ g. The pellets collected were centrifuged again for 15 min at 10,000 ϫ g. Supernatant was then lysed with a glass-Teflon poter in 500 l of buffer containing protease inhibitor mixture 1ϫ, 0.1 mM Na orthovanadate, 0.1 mM Na fluoride in cold sterile water. Samples were kept for 30 min at 4°C and then centrifuged at 26,000 rpm for 20 min at 4°C. Pellets were resuspended in 100 l of a buffer containing 0.25 M sucrose, 4 mM HEPES, 5 mM EDTA, 1ϫ protease inhibitor mixture, 0.1 mM Na orthovanadate, 0.1 mM Na fluoride, and centrifuged on a sucrose gradient containing 0.8, 1, and 1.2 M of sucrose for 2 h at 31,000 rpm at 4°C. The 1-1.2 M of sucrose interface was removed and centrifuged for 30 min at 62,000 rpm at 4°C. The final pellets were resuspended in 70 l of the original buffer. Protein contents were determined by Bio-Rad protein assay according to the manufacturer's protocol (Bio-Rad) and heated at 100°C for 5 min in Laemmli sample buffer (2% SDS and 5% dithiothreitol) to entirely denature the proteins.
Western blotting. Equal quantities of proteins (10 g/lane) were electrophoresed onto an 8% polyacrylamide gel with a 5% stacking gel. Proteins were blotted on PVDF membranes (Immobilon Millipore). Membranes were saturated by incubation with 5% milk in Tris-buffered saline-Tween 0.1% (TBS-Tween; Tris-HCl pH 7.5; 100 mM NaCl, 0.1% Tween 20) for 1 h and incubated overnight with the primary antibody. After 3 washes in TBS-Tween, membranes were incubated with the secondary antibody coupled to HRP (Southern Biotechnology Associates) diluted in TBS-Tween supplemented with 3% milk, for 2 h at room temperature. Membranes were then washed in TBS-Tween twice for 5 min, and finally in TBS alone. The complex was detected with an ECL kit (ElectroChemoLuminescence; GE Healthcare). Optical density capture of the obtained signal was performed with the Syngene Chemigenius 2 apparatus (Synoptics), and intensity of the signal was quantified with the GeneTools software (Synoptics).
Behavioral procedures
The effect of LPS infusion in the insular cortex was investigated on incidental and associative taste memory.
Incidental taste memory was evaluated by presenting an unfamiliar sweet taste and then repeatedly presenting the same taste. Over time, the consumption increases serving as a measure of taste familiarity . Rats were deprived of water for 24 h and then habituated to drink water from a single graded bottle (with 0.5 ml accuracy) for 15 min per day for 5 d (between 11:00 A.M. and 1 P.M.) in the home cage. On the first day of taste presentation (i.e., acquisition day), rats received a novel sweet taste composed of 0.1% saccharin solution (Sigma-Aldrich) for 15 min. For the next 2 d, rats had access to water for 15 min. After these days, taste consumption was assessed by providing saccharin solution for 15 min during 3 d. The percentage of saccharin consumption with respect to consumption during water baseline (the last 3 d before acquisition) was presented for each saccharin presentation.
Associative taste memory was evaluated using CTA. CTA consists of the association of new taste consumption with a gastric malaise. The procedure was identical to the one described above with the exception of 30 min after the first presentation of saccharin 0.1%, rats received an intraperitoneal injection of a moderate or a low dose of the visceral malaise-inducing drug lithium chloride (LiCl, Sigma-Aldrich, 0.15 M or 0.075 M, 1% of body weight). For the next 2 d, rats had access to water for 15 min to reestablish water baseline intake. After these days, taste avoidance was assessed by providing saccharin solution for 15 min, immediately followed by 15 min of water (to verify treatment did not alter total liquid ingestion). Rats underwent two other days of tests similar to the first test to evaluate extinction of the aversion. The percentage of saccharin consumption during acquisition and testing with respect to consumption during water baseline (the last 3 d before acquisition) was used as a measure of neophobia (for acquisition) and aversion strength (for testing).
Histology. After completion of behavioral experiments, animals were deeply anesthetized with an injection of 1 ml of sodium pentobarbital (100 mg/kg i.p.), and transcardially perfused with a saline solution (0.9%). The brains were removed and stored at 4°C in a 4% PFA solution for 24 h. They were then soaked in 30% sucrose solution; 40-m-thick sections were cut through the areas of interest in the frontal plane with a cryostat (Leica) and kept at Ϫ20°C in a cryoprotective solution. Sections were stained with cresyl violet and then examined under a microscope to verify the correct placement of the cannulae. Data from 21 rats (in addition to the 246 operated rats included in the different groups) were discarded from the final statistical analyses because of misplacement of one or both cannulae.
Statistical analyses
All data are represented as mean Ϯ SEM. Cytokines expression and Western blot raw data, were analyzed by a two-way ANOVA (time ϫ treatment) followed by post hoc Fisher LSD test when appropriate. For the phosphorylation level of GluN2B, a one-sample t test with comparison to 1 was used because data were expressed relative to the control group. For the synaptoneurosomal experiments and ATP assay, differences between groups were analyzed by unpaired Student's t test. Concerning the behavioral experiments, differences of saccharin consumption between groups for the acquisition day were analyzed by unpaired Student's t test, one-or two-way ANOVA and during the 3 days of tests by two-or three-way ANOVA on repeated measures (time ϫ treatment or time ϫ treatment ϫ pretreatment). Differences of saccharin consumption between acquisition and test were analyzed using a paired Student's t test. Statistical significance was defined for p values Ͻ0.05.
Results
Intrainsular LPS injection induces a local synthesis of proinflammatory cytokines and ATP
We first characterized the nature and the extent of inflammatory processes induced by LPS infusion in the insular cortex. Local and circulating levels of proinflammatory cytokines were evaluated 30 min, 1 h or 1h30 after bilateral infusion of either LPS (100 ng/0.5 l/side) or saline (0.5 l/side) in the structure (Fig. 1A) . The protein concentration of the proinflammatory cytokines IL-1␤ and TNF-␣ was significantly increased after LPS infusion in a time-dependent manner (two-way ANOVA, LPS effect: F (1,29) ϭ 16.08 and 23.1, respectively, p Ͻ 0.001; time effect: F (2,29) ϭ 25.18 and 30.05, respectively, p Ͻ 0.001; interaction: F (2,29) ϭ 6.48 and 5.58, respectively, p Ͻ 0.01). Post hoc analysis revealed that this effect was significant at 1h30 after LPS infusion for both IL-1␤ and TNF-␣ ( p Ͻ 0.001; Fig. 1 B, C) . IL-6 also increased after LPS infusion (LPS effect: F (1,29) ϭ 3.86, p ϭ 0.05; time effect: F (2,29) ϭ 6.08, p Ͻ 0.01; LPS ϫ time interaction: F (2,29) ϭ 2.26, p ϭ 0.1228; post hoc analysis: p Ͻ 0.05 at 1h30 after LPS infusion) (data not shown). Moreover, we could not find any significant differences in the protein expression of the anti-inflammatory cytokines IL-10 and IL-4 (IL-10: LPS effect: F (1,29) ϭ 2.23, p ϭ 0.15; time effect: F (2,29) ϭ 0.13, p ϭ 0.88; interaction F (2,29) ϭ 0.42, p ϭ 0.66; Figure 1D ; IL-4: LPS effect: F (1,29) ϭ 1.33, p ϭ 0.26, time effect: F (2,34) ϭ 1.44, p ϭ 0.26, interaction: F (2,34) ϭ 0.35, p ϭ 0.71, data not shown). Because a recent study reported that LPS increases brain ATP release in vitro (Pascual et al., 2012) , we also quantified the levels of ATP 1 h after LPS infusion into the insular cortex. We found a significant increase of ATP concentration (unpaired t test, t (9) ϭ 2.88, p ϭ 0.018).
To evaluate the extent of the inflammatory reaction induced by brain infusion of LPS, cytokine expression was also measured in blood samples of the same animals. Local LPS infusion in the insular cortex did not induce any significant modification of circulating levels of proand anti-inflammatory cytokines (IL-1␤, TNF-␣, IL-10: Fig. 1F-H It has been extensively described that activation of the peripheral innate immune system also leads to an increase of glucocorticoid hormones release, the final product of the stress-related hypothalamic-pituitary-adrenal (HPA) system, as well as to a decrease of food intake and body weight (Dantzer et al., 2008) . Thus, to confirm that intrainsular LPS infusion was a model of localized inflammatory reaction, we measured corticosterone levels in blood samples as well as the weight of the animals and did not find any difference between groups (corticosterone levels: unpaired t test, t (23) Ͻ 1, p ϭ 0.9; Fig. 1I ; body weight: t (17) ϭ 1.15, p ϭ 0.3; Fig. 1J ). Overall, our data show that the infusion of LPS into the insular cortex induced a local inflammation with no activation of the peripheral immune system.
Local inflammatory reaction increases glutamatergic AMPAR expression in the insular cortex
Glutamatergic activation in the insular cortex plays an important role in taste memory formation (for review, see Bermú dezRattoni et al., 2004; Gal-Ben-Ari and Rosenblum, 2011; Adaikkan and Rosenblum, 2012) . Consumption of a novel taste leads to hyperphosphorylation of the GluN2B subunits of NMDA receptors (NMDAR) in insular neurons (Barki-Harrington et al., 2009) , and blockade of either NMDA or AMPAR in the insular cortex before novel taste exposure greatly impairs taste memory (Berman et al., 2000; Ferreira et al., 2002; Barki-Harrington et al., 2009) . Moreover, some inflammatory factors are able to modulate learning and memory processes as well as glutamatergic receptor expression and activity (Yirmiya and Goshen, 2011) . Consequently, we evaluated whether LPS infusion in the insular cortex modulated locally the expression and activity of the glutamatergic ionotropic NMDA and AMPAR and whether it was influenced by taste novelty.
For this purpose, animals were infused in the insular cortex with either LPS or saline 1h30 before presentation of a novel taste (saccharin) or a familiar taste (water) for 15 min. Consumption of saccharin or water did not differ between LPS-and salinetreated animals, ruling out an effect of local inflammation on drinking behavior (two-way ANOVA, no effect of LPS (F (1,17) ϭ  1.3, p ϭ 0.3), saccharin (F (1,17) ϭ 3.2, p ϭ 0.09), and interaction (F (1,17) Ͻ 1, p ϭ 0.7); saline group: water: 20 Ϯ 1.3 ml, saccharin: 17 Ϯ 1.3 ml; LPS group: water: 18 Ϯ 1.2 ml, saccharin 16 Ϯ 1 ml).
We applied Western blotting to total protein samples extracted from the insular cortex 30 min after liquid consumption (i.e., 2h15 after infusion) ( Fig. 2A) . First, we measured glutamatergic NMDA subunit expression. We did not find any difference in the GluN1, GluN2A, or GluN2B subunit expression in the insular cortex between the four groups (no effect of LPS, saccharin, and interaction: F (1,17) Ͻ 1; Fig. 2B , for GluN2B), indicating that consumption of a novel taste or LPS infusion did not affect the total number of glutamatergic NMDAR in the insular cortex. Exposure to a novel taste was reported to enhance phosphorylation of the GluN2B subunits in insular neurons. Therefore, we measured the GluN2B phosphorylation level to evaluate whether LPS could influence this effect. As expected, we found an increase of GluN2B phosphorylation in the insular cortex exposed to the novel taste saccharin in saline-treated rats (one-sample t test, comparison to 1, t (3) ϭ 3.1, p Ͻ 0.05; Fig. 2C ). Interestingly, saccharin intake also increased GluN2B phosphorylation in LPStreated group (t (4) ϭ 5.4, p Ͻ 0.01). However, there was no significant effect of LPS injection alone on GluN2B phosphorylation for rats exposed to the familiar taste (t (5) ϭ 2.1, p ϭ 0.09; Fig. 2C ).
We then measured the impact of LPS infusion on AMPAR expression in the insular cortex. We found an increase of GluA1 and GluA2 subunits expression in the insular cortex of LPStreated animals, independently on the taste presented (LPS effect: F (1,17) ϭ 10.8, F (1,17) ϭ 8.4, p Ͻ 0.01 for GluA1 and GluA2, respectively; no saccharin effect and interaction: F (1,17) Ͻ 1; Fig.  2 D, E) . Our results show that this effect was specific to the insular cortex as we did not find any difference in NMDA or AMPAR expression at the level of the somatosensory cortex, which is in close proximity to the insular cortex (no effect of LPS, saccharin and interaction: F (1,17) Ͻ 1; data not shown). Overall, our data show that intrainsular infusion of LPS induced site-specific increase of AMPAR expression without affecting NMDAR.
The Western blot experiments presented above were performed on the total contents of insular cortex extracts. To determine whether LPS effect on AMPAR expression was found at the synapses, a new cohort of animals was infused with either LPS or saline 1h30 before saccharin consumption; and 30 min later, the insular cortex was dissected and the synaptoneurosomal fraction was extracted. On this material, we demonstrated that expression of GluA1 and GluA2 subunits was significantly increased at the synaptic level (unpaired t test, t (7) ϭ 2.5, t (6) ϭ 2.6, p Ͻ 0.05 for GluA1 and GluA2, respectively; Fig. 2 F, G) without changing the PSD-95 expression (t (6) Ͻ 1, saline: 19,073 Ϯ 1687; LPS: 21,018 Ϯ 1922).
We finally determined the kinetics of the LPS-induced increase of AMPAR in the insular cortex. We measured GluA1 and GluA2 AMPAR subunits expression at 30, 60, or 90 min after LPS infusion on total insular cortex extract. For both AMPAR subunits, we found a treatment and time effect (for GluA1: LPS effect: F (1,24) ϭ 8.9, p Ͻ 0.01, time effect: F (1,24) ϭ 7.9, p Ͻ 0.01, no interaction: F (2,24) ϭ 1.65, p ϭ 0.21; for GluA2: LPS effect: F (1,23) ϭ 6.9, p Ͻ 0.05; time effect: F (1,23) ϭ 3.7, p Ͻ 0.05; no interaction: F (1,24) ϭ 2.1, p ϭ 0.14). The increase of GluA1 and GluA2 protein expression was significant at 1h30 after LPS infusion (t (8) ϭ 2.5, p Ͻ 0.05 for both GluA1 and GluA2; Fig. 2 H, I ). This indicates that AMPAR expression starts to increase 1h30 min after LPS infusion and is still increased 2h15 after infusion, at the synaptic level (Fig. 2 F, G) . According to the important role played by AMPAR in the insular cortex for taste memory formation (Berman et al., 2000) , LPS-induced increase of glutamatergic AMPAR expression at the insular synapses may affect taste learning.
Cortical inflammation enhances associative taste memory through GluA2 AMPAR trafficking
We first evaluated whether LPS infusion into the insular cortex before novel taste consumption was able to modulate incidental taste memory (i.e., increase consumption of a sweet taste after repeated exposures) (Fig. 2J ) . As expected, repeated presentations led to an increase in the consumption of saccharin in control animals, which was also present in LPSinfused rats (LPS effect: F (1,39) Ͻ 1; test effect F (3,39) ϭ 8.2, p Ͻ 0.001; LPS ϫ test interaction: F (3,39) Ͻ 1; Figure 2J ). For both groups, the increased consumption of saccharin was evident between the first and the second saccharin presentations (paired t test: saline group: t (6) ϭ 3.1, p ϭ 0.02; LPS group: t (7) ϭ 3.7, p ϭ 0.008; Figure 2K ), indicating that LPS infusion did not affect incidental taste memory. This result also excluded an aversive effect of intracortical LPS infusion that could induce taste aversion on subsequent taste presentation, as previously reported after peripheral LPS injection.
Associative taste learning, like the aversion induced by tastemalaise pairing, could rely more heavily on glutamatergic transmission in insular cortex than incidental taste learning as gastric malaise induces an important release of glutamate in the insular Figure 2 . LPS modulates glutamatergic receptors expression in the insular cortex with no effect on incidental taste memory. A, Schematic representation of the experimental design. Rats were infused 1h30 before a novel (saccharin) or a familiar (water) taste consumption and killed 30 min later. After decapitation, insular cortices were punched and protein expression measured by Western blot in total or synaptoneurosomal fractions. B-E, Expression levels of GluN2B (B), phospho-GluN2B (C), GluA1 (D), and GluA2 (E) in total extracts. Familiar taste-saline: n ϭ 5; familiar taste-LPS: n ϭ 6; novel taste-saline: n ϭ 5; novel taste-LPS: n ϭ 5. F, G, Expression levels of GluA1 (F ) and GluA2 (G) in synaptoneurosomal fractions (saline: n ϭ 5; LPS: n ϭ 4). H, I, Kinetics of expression of GluA1 and GluA2 30 min (saline: n ϭ 5; LPS: n ϭ 4), 1h (saline: n ϭ 5; LPS: n ϭ 5), and 1h30 (saline: n ϭ 4; LPS: n ϭ 6) after LPS infusion in the insular cortex. J, Schematic representation of the experimental design for incidental taste memory evaluation. Two groups of rats were infused either with saline (n ϭ 7) or LPS (n ϭ 8) in the insular cortex 1h30 before the first saccharin presentation (acquisition). K, Saccharin consumption measured daily over the 3 d of test as a percentage of water intake at baseline. Saccharin consumption is significantly increased in both salineand LPS-treated animals at T1 compared with acquisition day. *p Ͻ 0.05. **p Ͻ 0.01. . Two groups of rats were infused with either saline (n ϭ 9) or LPS (n ϭ 10) in the insular cortex before conditioned taste aversion acquisition. *(apposed to bracket), LPS increased aversion strength over the 3 d of extinction tests (significant LPS effect and no interaction with time). Right, Averaged saccharin consumption of rats over the 3 d of test. Red dotted line indicates the level of saccharin consumption on the acquisition day. C, Effect of LPS infusion in the insular cortex on conditioned taste aversion acquisition induced by a low dose of LiCl (0.075 M). Left, Kinetics of saccharin consumption over the 3 d of test (T1-T3). Two groups of rats were infused either with saline (n ϭ 9) or LPS (n ϭ 8) in the insular cortex before conditioned taste aversion acquisition. *(apposed to bracket), LPS increased aversion strength over the3dofextinction tests (significant LPS effect and no interaction with time). Right, Averaged saccharin consumption of rats over the 3 d of test. Red dotted line indicates the level of saccharin consumption on the acquisition day. D, Schematic representation of the experimental design. E, Effect of intrainsular LPS infusion on retrieval of conditioned taste aversion. Three days after pairing of (Figure legend continues.) cortex, whereas novel taste alone does not Barki-Harrington et al., 2009 ). We thus evaluated whether intracortical LPS infusion could affect CTA. A bilateral infusion of either LPS or saline was performed within the insular cortex 90 min before CTA acquisition (Fig. 3A) . Saccharin intake was not affected by intracortical LPS infusion (saline group: 12.4 Ϯ 0.5 ml; LPS group: 12.7 Ϯ 0.7 ml; t (17) Ͻ 1, p ϭ 0.7). Over the 2 d following CTA acquisition, both groups showed water consumption similar to baseline conditions (mean for saline group: 13.2 Ϯ 0.5 ml; mean for LPS group: 13.3 Ϯ 0.8 ml; t (17) Ͻ 1, p ϭ 0.8). On the first day of test, LPS-treated animals showed a lower consumption of saccharin than control animals, indicating a higher aversion after LPS infusion (T1; Fig. 3B, left) . Figure 3B (right) shows that this increase of aversion strength in LPS-treated animals lasted over the 3 d of extinction tests (two-way ANOVA on repeated measures: LPS effect: F (1,34) ϭ 4.7, p ϭ 0.04; time effect:
To assess the robustness of this behavioral effect, we used the same paradigm as before, except that the dose of LiCl was halved to induce a lower aversion (0.075 M instead of 0.15 M). As described above, LPS infusion enhanced associative taste memory, as revealed by a significantly higher aversion on the first test (Fig.  3C , left) in LPS-infused animals compared with controls ones. Importantly, this effect was enduring because it lasted over the 3 d of extinction tests (Fig. 3C, right) (two-way ANOVA on repeated measure, treatment effect: F (1,30) ϭ 6.4, p ϭ 0.02; time effect: F (2,30) ϭ 9.5, p ϭ 0.006; no interaction between factors F (2,30) ϭ 2.3, p ϭ 0.11). Overall, our data show that LPS infusion into the insular cortex before the first taste presentation enhances associative, but not incidental, taste memory. This did not rely on aversive effect of LPS per se. These results also suggest that the dose of LPS we used (100 ng) was not neurotoxic as it is known that insular cortex lesion induces CTA memory impairment but not enhancement (Nerad et al., 1996; Stehberg et al., 2011) .
Our results also show that the effects of LPS were specific to the acquisition phase because the infusion of LPS 1h30 before the first day of test did not impact the expression of the taste aversion ( Fig. 3D ; two-way ANOVA on repeated measure, treatment effect: F (1,17) ϭ 0.02, p ϭ 0.90; time effect: F (2,34) ϭ 49.58, p Ͻ 0.0001; no interaction between factors F (2,34) ϭ 0.76, p ϭ 0.47). Thus, LPS exerts its effects specifically on the acquisition of CTA.
Because LPS infusion in the insular cortex enhanced both associative taste memory and AMPAR expression at the synapses, we assessed whether blockade of AMPAR trafficking was able to reverse the LPS-induced CTA enhancement. We therefore used the PepR845A interfering peptide previously described as a specific blocker of the GluA2 subunit trafficking (Joels and Lamprecht, 2010; Danielson et al., 2012; Wang et al., 2013; Migues et al., 2014) and infused this peptide in the insular cortex 1 h before LPS infusion to optimally block the effects of LPS on GluA2 subunit trafficking (Fig. 3F ) . We first looked at the involvement of the GluA2 trafficking in the CTA acquisition and thus infused rats with a low dose (80 ng/l) or a high dose (8 g/l) of the PepR845A (Joels and Lamprecht, 2010; Danielson et al., 2012; Migues et al., 2014) , without LPS infusion. We infused animals 150 min before taste-malaise association (i.e., 60 min earlier than previously used for LPS injection). On the first day of test, only animals treated with the high dose of PepR845A showed a higher consumption of saccharin compared with controls, indicating a decrease of aversion (T1; Fig. 3G, left) . This decrease of aversion strength in high dose-treated animals lasted over the 3 d of extinction tests (one-way ANOVA on repeated measure, treatment effect: F (2,23) ϭ 4.98, p Ͻ 0.05; time effect: F (2,46) ϭ 64.03, p Ͻ 0.0001; no interaction F (4,46) ϭ 2.14, p ϭ 0.09; Figure 3G ).
Then, we determined whether the blockade of GluA2 subunit trafficking could restore normal CTA after LPS infusion. The low dose of PepR845A, which had no effect by itself on CTA, was infused in the insular cortex 1 h before LPS (or saline; Fig. 3F ). We found an interaction between LPS and peptide treatment (F (1,18) ϭ 6.1, p Ͻ 0.05) with a time effect indicating that all groups extinguished (F (2,36) ϭ 47.2, p Ͻ 0.0001). Post hoc analysis first revealed that we were able to replicate the enhancing effects of LPS infusion on CTA memory ( p Ͻ 0.05; Fig. 3H ). Interestingly, pretreatment with pepR845A abolished these effects of LPS on aversion strength ( p Ͻ 0.01). Together, these results indicate that the blockade of GluA2 subunit trafficking was able to inhibit the LPS-induced CTA enhancement.
Purinergic receptors activation, but not the proinflammatory cytokines IL-1␤ and TNF-␣, mediate the effect of LPS on GluA2 AMPAR expression and CTA acquisition The cellular localization of the LPS receptor Toll-Like Receptor (TLR4) in the brain has been reported to be confined to glial cells, ruling out a direct action of LPS on neurons (Chakravarty and Herkenham, 2005) . Proinflammatory cytokines are good candidates as intermediaries of action of LPS on neuronal cells because they have been described to modulate glutamatergic receptors expression in vitro Viviani et al., 2003; Ogoshi et al., 2005; Lai et al., 2006; Yirmiya and Goshen, 2011) . We thus determined whether infusion of the proinflammatory cytokines TNF-␣ and IL-1␤ was able to replicate the effect of LPS (i.e., to enhance associative taste memory). Based on the literature and pilot experiments, we injected TNF-␣ at a dose of 100 ng/0.5 l/side, 90 min before CTA acquisition (Fig. 4A) . Intrainsular infusion of TNF-␣ did not significantly modify aversion strength compared with control animals on the 3 d of extinction tests (treatment effect: F (1,34) ϭ 2.2, p ϭ 0.15, time effect: F (2,34) ϭ 28.9, p Ͻ 0.0001, interaction: F (2,34) Ͻ 1 Figure 4B ). The literature on intracerebral infusion of IL-1␤ being scattered, we injected IL-1␤ at different doses comprised in the full range of what is generally used in vivo (i.e., 5, 25, 50, and 100 ng/0.5 l/side). Cortical IL-1␤ infusion did not affect the CTA memory, even at the highest dose, because no difference in saccharin intake was found over the 3 d of test (For 100 ng: treatment effect: F (1,38) ϭ 1.9, p ϭ 0.2; time effect: F (1,38) ϭ 29.4, p Ͻ 0.0001, interaction: F (1,38) Ͻ 1; Figure 4B ; data not shown for 5, 25, and 50 ng).
Some works have reported that the action of proinflammatory cytokines is potentiated when they are infused in combination 4 (Figure legend continued. ) saccharin with a moderate dose of LiCl (0.15 M), LPS was infused 1h30 before exposure to saccharin on the first retrieval test. Left, Kinetics of saccharin consumption over the3doftest (T1-T3). Two groups of rats were infused with either saline (n ϭ 9) or LPS (n ϭ 8) in the insular cortex. F, Schematic representation of the experimental design. G, Effect of GluA2 AMPAR trafficking blocking peptide (pepR845A) on conditioned taste aversion induced by a moderate dose of LiCl (0.15 M). Left, Kinetics of saccharin consumption over the 3 d of extinction test (T1-T3). Three groups of rats were infused with saline (n ϭ 9), low dose of peptide (80 ng/l, n ϭ 8), or high dose of peptide (8 g/l, n ϭ 9) in the insular cortex before conditioned taste aversion acquisition. Right, Averaged saccharin consumption of rats over the 3 d of test. Red dotted line indicates the level of saccharin consumption on the acquisition day. H, Effect of pepR845A on LPS-induced conditioned taste aversion enhancement. Left, Kinetics of saccharin consumption over the 3 d of extinction test (T1-T3). Four groups of rats were infused with saline-saline (n ϭ 5), saline-LPS (n ϭ 5), pepR845A-saline (n ϭ 6), or pepR845A-LPS (n ϭ 7) in the insular cortex before conditioned taste aversion acquisition. Right, Averaged saccharin consumption of rats over the3doftest. Red dotted line indicates the level of saccharin consumption on the acquisition day. *p Ͻ 0.05. **p Ͻ 0.01. (Brebner et al., 2000) . We thus infused a mix of TNF-␣ and IL-1␤ (50 ng each, as described previously, Brebner et al., 2000) 90 min before taste-malaise pairing, but it had no effect on CTA (treatment effect: F (1,40) Ͻ 1; time effect: F (1,40) ϭ 66.9, p Ͻ 0.0001, interaction: F (2,40) Ͻ 1; Figure 4B ). Together, our data showed that TNF-␣ and IL-1␤, alone or in combination, were unable to modulate associative taste memory, suggesting that LPS acts via different actors than proinflammatory cytokines to exert its effect.
ATP is an important and ubiquitous inflammatory factor involved in neuroinflammatory processes (Perregaux and Gabel, 1994; Ferrari et al., 1997; Mehta et al., 2001) . Interestingly, a recent study reported that LPS modulates activity in glutamatergic neurons via ATP release by microglia and not proinflammatory cytokines (Pascual et al., 2012 ). The present study shows that the concentration of ATP was significantly increased 1 h after LPS infusion (Fig. 1E) . We thus investigated whether ATP was necessary for the LPS effect on associative taste memory. Because ATP is a very labile molecule that acts rapidly on cells, ATP was infused 15 min before exposure to saccharin (i.e., 60 min before malaise induction) at a concentration of 10 mM based on the literature (Davalos et al., 2005) and pilot experiments. We found that saccharin consumption was significantly decreased over the 3 d of test when ATP was infused before CTA acquisition (unpaired t test, t (15) ϭ 2.2, p ϭ 0.043; Fig. 4C ).
Based on these data, we next investigated whether ATP signaling was necessary for the LPS effect on associative taste memory. We blocked all purinergic receptors (P2Y and P2X) activation by using the nonspecific purinergic blocker suramin. We postulated that blockade of purinergic receptors activation would prevent LPS-induced CTA exaggeration. Thus, on the day of CTA acquisition, animals received a bilateral infusion of either suramin, a nonspecific P2Y and P2X receptors blocker, or sterile saline 60 min before infusion of either LPS or saline (Fig. 4D) . During the 3 d of tests, an interaction between LPS and suramin treatment was found on saccharin consumption (interaction between suramin and LPS F (1,25) ϭ 4.7 p Ͻ 0.05; time effect: F (2,50) ϭ 103.4, p Ͻ 0.001; Figure 4E ). Post hoc analysis revealed here again that LPS infusion enhanced taste aversion compared with vehicle infusion ( p Ͻ 0.01). Importantly, suramin infusion by itself did not affect CTA ( p ϭ 0.27) but tended to reverse the enhancement of aversion induced by LPS ( p ϭ 0.06; Fig. 4E ).
Finally, we quantified the levels of GluA2 AMPAR subunit expression in the insular cortex in the same paradigm as before to assess the role of ATP in LPS-enhanced AMPAR expression (Fig.   4F ) . A two-way ANOVA analysis revealed an interaction between suramin and LPS treatment (F (1,15) ϭ 5.4, p Ͻ 0.05). Post hoc analysis confirmed that LPS enhanced GluA2 AMPAR expression ( p Ͻ 0.05; Fig. 4F ), whereas preinfusion with suramin prevented it ( p Ͻ 0.05; Fig. 4G ). These results indicate that the activation of purinergic receptors induced by LPS infusion was responsible for GluA2 AMPAR overexpression in neurons of the insular cortex.
Discussion
Together, our results showed that an inflammation restricted to the insular cortex enhances associative taste memory through purinergic modulation of GluA2 AMPAR expression and trafficking. This represents the first in vivo study demonstrating a causal link between neuroinflammation-induced glutamatergic transmission and cortical memory modulation.
The general idea that inflammatory mediators can markedly affect learning and memory arose from a limited number of studies focusing on hippocampal-dependent memories (Pugh et al., 1999; Barrientos et al., 2002 Barrientos et al., , 2004 Matsumoto et al., 2002; Gonzalez et al., 2009; for review, Yirmiya and Goshen, 2011) . In the same vein, most of the biochemical evidence on excitatory neurotransmission was obtained in the hippocampus. Here, we provide new insights on the response of cortical neurons to inflammation and we show an enhancement of memory performances in a paradigm of associative taste learning. Interestingly, our data are the first to suggest that cytokines do not play the same role in the cortex compared with the hippocampus. Second, even though cytokines are not the main inflammatory mediators, we confirm that glutamatergic neurotransmission is altered by neuroinflamamtion and this sustains the behavioral effects. Finally, we show enhancement of cortical-dependent memory rather than impairment. This result demonstrates that the neuronal response to neuroinflammation is not unspecific but rather depends on the information learned (taste cue vs context) and consequently on the structure involved and may lead to a plethora of behavioral outcomes.
Previous studies demonstrating that immune activation (induced by LPS or proinflammatory cytokines) alters learning and memory processes have often failed to account for features of sickness-related behavior that induce potential confounding factors (for review, see Cunningham and Sanderson, 2008) . To cautiously interpret our results, we thus evaluated the extent of the inflammatory reaction in animals infused with LPS locally in the insular cortex as stimulation of the peripheral immune system, and the subsequent release of proinflammatory cytokines in the bloodstream, is known to produce gastric malaise (Cross-Mellor et al., 2004) , changes in taste palatability (Aubert and Dantzer, 2005) as well as lethargy in animals (Franklin et al., 2003 (Franklin et al., , 2007 . To rule out nonspecific behavioral effects, we first measured systemic cytokines expression and could not find any effect of LPS treatment on blood levels of proinflammatory and antiinflammatory factors. We also measured the activity of the HPA axis as another marker of systemic immune reaction and because glucocorticoid receptor activation in the insular cortex is known to modulate CTA memory formation . Corticosterone concentration was similar between LPS-treated animals and controls, indicating that the HPA axis was not abnormally activated in these animals. Moreover, our local LPS infusion was not associated with decrease in body weight and food intake indicating an absence of an anorexic effect. Finally, we showed that LPS treatment did not affect neophobic responses as both saline and LPS-treated animals displayed a similar liquid consumption during the first presentation of the sweet taste. Conversely, in the absence of gastric malaise, both groups simi-4 Figure 4 . ATP, but not proinflammatory cytokines, is the main inflammatory mediator of LPS-induced associative taste memory enhancement. A, Schematic representation of the experimental design. B, Averaged saccharin consumption of rats over the 3 d of test after infusion of TNF-␣ (100 ng), IL-1␤ (100 ng), or a mix of TNF-␣ and IL-1␤ (50 ng each) in the insular cortex. C, Averaged saccharin consumption of rats over the 3 d of test after infusion of ATP (10 mM) in the insular cortex. D, Schematic representation of the experimental design. Conditioned taste aversion acquisition in rats infused either with saline or suramin (20 g/0.5 l/side) in the insular cortex as a pretreatment, followed by infusion of either saline or LPS (100 ng/0.5 l/side) as a treatment (saline-saline: n ϭ 7; saline-LPS: n ϭ 7; suramin-saline: n ϭ 6; suramin-LPS: n ϭ 7). E, Left, Kinetics of saccharin consumption over the 3 d of extinction test (T1-T3). Right, Averaged saccharin consumption of rats over the 3 d of test. Red dotted line indicates the level of saccharin consumption on the acquisition day. F, Schematic representation of the experimental design. GluA2 AMPAR expression levels in punched insular cortices of rats infused either with saline or suramin (20 g/0.5 l/side) in the insular cortex as a pretreatment, followed by infusion of either saline or LPS (100 ng/0.5 l/side) as a treatment (salinesaline: n ϭ 4; saline-LPS: n ϭ 5; suramin-saline: n ϭ 4; suramin-LPS: n ϭ 6). G, Expression levels of GluA2 in total fractions. *p Ͻ 0.05.
# p ϭ 0.06.
